INTRODUCTION
Anilines are important chemicals and intermediates widely used for the synthesis of dyes, agrochemicals and other fine chemicals. [1] [2] [3] Industrially, anilines are mainly produced by the catalytic hydrogenation of nitroarenes at high temperatures and pressures, and the global output of anilines has reached more than 4 million tons per annum. 4 Therefore, any improvements to this hydrogenation process will have a huge economic and environmental impact. Non-noble metal catalysts such as Co3O4, 4 Fe2O3 5 , PV-carbon 6 , noble metal catalysts, such as Au, 7, 8 and bimetallic catalysts, such as AuPt 9 and CoPd 10 have been investigated to improve the hydrogenation process. Photocatalytic transformation of nitroarenes to anilines is particularly 3 attractive because it can greatly reduce the energy consumption. However, in most of the photocatalytic hydrogenation routes, hydrogen donors such as formic acid, isopropyl alcohol or triethanolamine were used instead of gaseous H2. [11] [12] [13] Recently, we reported a photocatalytic reduction of nitroarenes with H2 using graphene-supported CoS2 particles as the catalyst under mild condition, however with unsatisfactory activity. 14 For catalytic hydrogenation of nitroarenes, dissociation of H2 is the rate-determining step. 9, 15, 16 Corma et al. reported that the hydrogenation of nitrostyrene over Au/TiO2 catalyst proceeds via a cooperative effect in which Au sites dissociate H2 and TiO2 adsorbs nitrostyrene. 17 However, similar cooperative effect was not observed for other supports such as SiO2 or carbon. This unique effect for TiO2 supported catalyst is attributed to the semiconducting properties of TiO2.
Cubic SiC is a semiconductor with a band gap of ca. 2.4 eV, which can absorb visible light.
Previous studies have shown that Pd/SiC and Au/SiC catalysts exhibit good photocatalytic activity for the hydrogenation of furan and cinnamaldehyde. 18, 19 These excellent photocatalytic performances of SiC-based catalysts are attributed to the absorption of visible light by SiC and the charge transfer between metals and SiC. Inspired by these results, we hypothesize that bimetallic Pd-Au nanoparticles supported on SiC may show unusual performances for the hydrogenation of nitroarenes.
Pd-Au bimetallic catalysts exhibit markedly enhanced catalytic activity for selective oxidation, selective hydrogenation and other organic transformations, [20] [21] [22] [23] [24] [25] which is mainly caused by a synergism between Au and Pd including electronic and ensemble effect. 26 In the electronic effect, electron transfer occurs between Au and Pd, resulting in charge-heterogeneous active sites. 21, 26 In the ensemble effect, the role of Au is to isolate or dilute single Pd sites or ensembles. 27 Depending on catalytic reactions and reaction conditions, either one or both of these effects are 4
involved. In almost all reports, the two metals are in close contact either in core-shelled or alloyed nanostructures. 28, 29 In this work, we report that segregated Pd and Au nanoparticles supported on SiC display a novel synergistic effect that changes the electronic structure of support surface, and thus exhibit significantly enhanced photocatalytic activity for the nitroarene hydrogenation. Finally, the mixture was separated, washed and dried to obtain Pd3Au0.5/SiC catalyst. Other catalysts were prepared by the similar way.
EXPERIMENTAL METHODS

Preparation
Characterizations. The high-resolution transmission electron microscopy (HRTEM, JEM-2100F) and high-angle annular dark field scanning transmission electron microcopy (HAADF-STEM) were used to investigate the microstructures of catalysts. X-ray photoelectron spectroscopy (XPS) was measured using Al Ka (hv=1486.6 eV) X-ray line on a Kratos XSAM800 spectrometer. X-ray diffractometer (XRD, Rigaku D-Max/RB) were used to characterize the crystalline phases. Diffusive reflectance UV-visible absorption spectra were measured with Al2O3 as the reference using a UV-3600 spectrophotometer (Shimadzu). The photoluminescence (PL) spectra were recorded on F-7000 spectrofluorometer with an excitation wavelength of 320 nm (with a 390 nm filter) at room temperature.
Pulse hydrogen adsorption and temperature programmed desorption (TPD). 50 mg of catalyst sample was pretreated in Ar flow (25 mL/min) at 400 °C for 2 h, and then cooled to room temperature. After the pretreatment, H2 was inducted to the sample in the form of pulse injection for 10-20 min until adsorption saturation. After pulse H2 adsorption, the system was purged with Ar (25 mL/min) until the signal reduced to constant. The temperature was ramped from 25 to 900 °C with a rate of 5 °C/min in Ar (25 mL/min).
In-situ diffuse reflectance FT-IR measurement. Catalyst powders (ca. 20 mg) were placed in an in-situ IR cell with a heatable holder. The cell has multiple gas inlets for introduction of Ar or H2/Ar and an outlet for exhaust. Gas flow was controlled by mass flow controllers. In-situ diffuse reflectance FT-IR measurements were performed on a TENSOR27 infrared spectrometer with a resolution of 8 cm -1 . The sample was firstly heated to 400 °C at 5 °C/min in Ar atmosphere with a flow rate of 60 mL/min, and kept under these conditions for 2 h, then cooled to 25 °C. A spectrum was taken for use as a background. Nitrobenzene was introduced to the catalyst sample, and then the sample cell was purged again using the Ar flow to remove nonadsorbed nitrobenzene until a constant spectral signal was reached. H2/Ar (5 vol%) flow of 20 mL/min was introduced into the cell, and the IR spectra were recorded. Dependence of the catalytic activity on the light wavelength was investigated using various low 6 pass optical filters to block off light below specific cut-off wavelengths while the light intensity remains unchanged. After reaction, qualitative and quantitative analysis of reactants and products were carried out by gas chromatography-mass spectrometry (GC-MS, Bruker SCION SQ 456 GC-MS). The conversion was calculated based on the amount of nitroarene. The turn-over frequency (TOF) was calculated based on the following equation:
RESULTS AND DISCUSSION
SiC with a specific surface area of ca. 50 m Table 1 , Pd3/SiC catalyst gave a photocatalytic nitrobenzene conversion of 42% with a selectivity of 96% for aniline. The photocatalytic activity of the mixture of Pd3/SiC and Au0.5/SiC was 46% with a selectivity of 97% for aniline. It can be seen that the addition of Au/SiC has a little contribution to the nitrobenzene conversion. However, when 0.5 wt% of Au was incorporated to the Pd3/SiC catalyst, a substantial increase in the photocatalytic activity was observed. The bimetallic Pd3Au0.5/SiC catalyst yielded 100% of nitrobenzene conversion with 100% of aniline selectivity. The turnover frequency (TOF) was as
high as 1715 h -1 , which is one of the highest values reported so far (Table S1 ) for this reaction.
Under the identical reaction condition, Pd3Au0.5/TiO2 and Pd3Au0.5/Al2O3 only gave a TOF of 1274 and 951 h -1 , respectively. These results suggest the important role of SiC support in enhancing the intrinsic catalytic activity of the bimetallic Pd-Au nanoparticles. Comparing with those results in dark, the activity and selectivity of four catalysts under irradiation all increased evidently, demonstrating major advantages of the photocatalytic reaction. Particularly, the obvious increments in the selectivity suggest that the photocatalytic hydrogenation obeys an electron-driven route.
32 To test the general applicability of this catalyst, a number of substituted nitroarenes were tested under optimized conditions ( Table 2 ). All these nitroarenes were transformed to corresponding anilines over Pd3Au0.5/SiC catalyst with high activity and selectivity in the presence of irradiation. The nitroarenes with electron-withdrawing groups (entries 1-6) showed higher activity than those with electron-donating groups (entries 7-10), which confirms the nucleophilic reaction mechanism. 33 For p-chloronitrobenzene (entry 3), the low selectivity is due to the dehalogenation reaction. 12, 34 In particular, the nitroarenes with sensitive cyano, aldehyde or carboxyl substituents were also converted selectively into corresponding anilines (entries 4-6).
These results demonstrate the general applicability of Pd3Au0.5/SiC catalyst for the hydrogenation of different nitroarenes with gaseous H2 to anilines. The recyclability of Pd3Au0.5/SiC catalyst was investigated by reusing it for five runs under the identical reaction condition. This bimetallic catalyst can be reused with no measureable loss in both the catalytic activity and selectivity, proving its excellent stability and reusability ( Figure   S1a ). TEM images of the catalyst after five runs show no obvious change in the particle size and morphology of both Au and Pd nanoparticles ( Figure S1b ). The XRD results of the used catalyst also suggest that the Pd and Au nanoparticles still exist on the SiC surface as metallic phase ( Figure S1c ). Au0.5/SiC, Pd3/SiC and Pd3Au0.5/SiC, respectively, indicating that the photo-generated charges have been efficiently separated. The significant contribution of light irradiation to the catalyst activity can be clearly seen from Table 1 , and it can be further confirmed by the dependences of catalytic activity on the irradiation intensity and wavelength ( Figure S8 ).
Since the dissociation of H2 is the rate-determining step for nitrobenzene hydrogenation, catalysts that effectively dissociate H2 can greatly improve the reaction activity. 9 To confirm this, the H2 chemisorption capacity of a series of catalysts was measured by pulse adsorption at room temperature ( Figure 2a and Table S2 Pd/Carbon-nanotubes was due to atomic spillover hydrogen that chemisorbed on the dangling bond of carbon surface. 40 From the H2-TPD spectra of Pd3/SiC (Figure 2b S•cm -1 for Pd3Au0.5/SiC, respectively. The increase is one of the important characters of hydrogen spillover. 41 Based on Fermi-Dirac statistics, Roland et al. suggested that as an electron donor the spillover hydrogen on the surface of n-type semiconductors could form weak and strong chemisorption species. 42 Hydrogen donates electrons to the conduction band of n-type SiC resulting in the metallization of SiC surface and 15 improvement of the electrical conductivity. 43 After H2-treatment, the PL spectra of all catalysts show obvious decrease in the PL intensity ( Figure S12 ), supporting the electron donating.
Although the hydrogen spillover on SiC surface has not been reported yet, numerous studies have revealed that atomic hydrogen can be chemisorbed on SiC surface and the migration of atomic hydrogen on SiC has a very low energy barrier. 44 Generally These results indicate that the adsorption and hydrogenation of nitrobenzene occurs on the SiC surface.
The density functional theory (DFT) calculations show that nitrobenzene molecules can be adsorbed on SiC(111) surface in both paralleled and vertical modes. However, the paralleled mode yields higher adsorption energy (Table S3) , suggesting nitrobenzene molecules tend to adsorb on SiC surface in paralleled mode. Adsorbed nitrobenzene can easily react with atomic hydrogen on SiC(111) surface and produce aniline through direct or condensate route ( Figure   S14 and S15). Base on the present DFT calculations, aniline is inclined to be produced via the direct route on the hydrogen-rich SiC(111) surface (Table S4) . Experimentally, we did not observe other byproducts except nitrosobenzene on SiC-supported catalysts, indicating the reaction is via direct route in this system. We employed pure SiC to catalyze the nitrobenzene hydrogenation at 120 o C. Aniline, azobenzene and azoxybenzene can be detected simultaneously.
However, the increase in H2 pressure is in favor of the production of aniline ( Figure S16 ). This further confirms that the spillover hydrogen on SiC surface largely contributes to the hydrogenation reaction.
The roles of holes in photocatalytic processes are typically complicated. 47 Under the irradiation, Au nanoparticles generate hot electrons and holes due to the localized surface 
